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Abstract
Digital agriculture is an application of the “digital earth” concept proposed in the 1990s and is an expansion of the 
concept of “precision farming” which emphasizes on agricultural production procedures. A digital agricultural 
system is a database that includes not only various kinds of data relevant to agriculture, ranging from soil conditions 
to market assessment, but also optimal decision functions that help make best decisions in a series of agricultural 
production and marketing processes. Such a system is an important agricultural risk management tool, which can 
help assess risks due to climate change, develop a revenue protection plan for producers, and generate a soil quality 
management plan. This paper describes a structure that was originally proposed to the Canadian digital agriculture 
system: National Land and Water Information Service. The agroclimate database structure is described in detail, 
including data error estimation methods and guidance for generating optimal decision functions. The crop insurance 
under the future climate change scenarios require a strategic plan to deal with the altered tail probability distribution 
of the unfavourable weather events, such as drought, flooding, extreme wind, and extreme temperature. The digital 
agriculture system is an effective tool for insurance industry to use to develop a dynamical business plan for the 
changing climate. This paper includes two examples of the climate changes over Alberta Province, Canada, and over 
the contiguous United States for over 100 years. Alberta, six agroclimate parameters were considered for the period 
of 1901-2001. For the US, two warm periods in 1895-2008 were identified: the 1930s “Dust Bowl” drought and the 
recent warmth of the last two decades. The United States agriculture suffered a catastrophic loss in the “Dust Bowl” 
period. Because of the effective insurance plans and the critical governmental assistance, the agricultural loss due to 
drought and other disasters weather events in the last two decades was not catastrophic but still serious. Nine of the 
ten warmest winters according to the seasonal daily-minimum SAT and nine of the ten hottest years according the 
annual daily-mean SAT were in these two periods. The exception occurred during a short-lived period of anomalous
warmth from 1953-1957. 
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1. Introduction
Agricultural risk assessment under the scenario of the future climate change has become a hot topic for discussion in 
the last a few years. The rapid climate changes in between 1980s and 2005 have resulted in a warmer planet and an 
altered pattern of precipitation in many areas around the globe. Extreme weather events have cost much large payout 
from insurance industries and resulted in the increase of premiums. The US Federal Crop Insurance Corporation 
(FCIC), which insures crops against drought or other weather disasters, had data shown that since 1980,
the FCIC program had steadily expanded and the exposure increased from a few billion US dollars in the early 
1980s to about $20 billion in 1990 and to $44 billion in 2005 (USGAO, 2007). The vulnerability of the future 
agriculture due to the climate changes in the aspect to altered precipitation patterns, likely warmer temperature, 
reduced irrigation water resources, and the soil quality variations in response to the climate change will require a 
precise information management system to manage the risks and to safeguard the sustainability of a healthy 
agricultural industry around the world. Crop insurance businesses are developing strategic plans for the future 
agricultural production and economy under various kinds of climate change conditions. However, due to the limited 
development of the climate sciences and the limited accuracy of climate predictions based on climate models,
numerous uncertainties exist in the assessment of the past climate change and particularly in the projection of the 
future climate (IPCC, 2007). These uncertainties require crop insurance businesses and related governmental 
agencies to promptly make optimal decisions to protect the agricultural production and the revenue for producers. 
Digital agricultural systems as a database with optimal decision functions are being developed in various countries 
and corporations for the stakeholders to make informed and optimal decisions. 
Digital agriculture is an application of the “digital earth” concept proposed in the 1990s and is an expansion of the 
concept of “precision farming” which emphasizes on agricultural production procedures. A digital agricultural 
system is a database that includes not only various kinds of data relevant to agriculture, ranging from soil conditions 
to market assessment, but also optimal decision functions that help make best decisions in a series of agricultural 
production and marketing processes. A digital agriculture system is an important agricultural risk management tool, 
which can help assess risks due to climate change, develop a revenue protection plan for a producer, and generate a 
soil quality management plan for governmental organizations.
The Agriculture and Agri-Food Canada (AAFC) started to develop a digital agriculture system about a decade ago. 
The system was designed for the use by farmers, planners, agribusiness, researchers, the insurance industry, the 
general public, and governmental departments. It is built into the National Land and Water Information Service 
(NLWIS) (2010) and used the NLWIS IT system called the AAFC Enterprise Geo-Spatial Information System 
(AEGIS) to achieve the following objectives:
x to provide reliable data and information to Canadian communities in a timely and convenient fashion, 
x to help optimize farmland and water management, and 
x to protect the environment and maintain the sustainable growth of the Canadian agricultural industry.
The Canadian National Agroclimate Data System (NADS) was designed as the climate data base with decision 
functions and as one of the seven components of a Canadian digital agriculture system originally proposed for
NLWIS (Shen, 2004; NLWIS, 2010). The climate database holds various kinds of analyzed agroclimatic data to 
serve the above purposes. The database may be used for drought modelling and crop modelling (Shen et al., 2003). 
A metadata set provides guidelines for a user to assess the data by using many query methods based on data 
structures in a standard database system, such as Oracle. The climate or other agricultural conditions on a farm or an 
area nearby can be assessed by an agricultural producer, a planner, and the general public to facilitate optimal 
decision-making. The Canadian NADS will feature an error estimate of the data, a computing scheme of variance-
preserving data-interpolation, and an optimal decision system based upon minimal probability of false alarm, in 
addition to the commonly used information technology in other agroclimatic data systems around the world. 
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As examples of climate change assessment, the agroclimate changes over Alberta Province and the surface air 
temperature (SAT) changes over the contiguous United States are considered. The Environment Canada data from 
1901 are used to address the Alberta climate change (Shen et al., 2005). The USHCN (United States Historical 
Climatology Network) data from 1895 are used to assess SAT change in the contiguous US (Menne et al., 2009).
Section 2 will describe the structure of the Canadian NADS and the agroclimate data analysis methods. Section 3 
will focus on two examples of the agroclimate climate changes. Conclusions will be in Section 4. 
2. Climate data component and the basis architecture of the Canadian National Land and Water Information 
System
The architecture of a proposed Canadian NADS climate database is the AEGIS system shown in Figure 1 (Shen, 
2004). It is a system consisting of an Oracle database and a GIS interface. The AEGIS system is able to handle 
distributed data repositories, maintained by various owners such as Meteorological Service of Canada (MSC),
Natural Resources of Canada (NRCan), and Ontario Weather Network, while the AAFC data are mainly in Ottawa 
and Regina. An IT team is responsible for the implementation of the data repository and data extraction methods. A
data team will provide the NLWIS IT team with the data, metadata, layers of data queries, and query links. The 
NADS adopts the block-pipe type of data structure. The blocks refer to the data repository, and the pipes refer to the 
logic links among the repositories.
Figure 1. A proposed national agroclimate data system architecture by the AEGIS.
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Generation of the accurate data and reliable products using modern optimization methods is the key to making the 
system statistically optimal, scientifically advanced, and technologically functional compared with similar systems 
in other nations. The following strategies were recommended by a science team to the government in 2004.
(1) The research and development of the Canadian NADS, as designed for AAFC, should call for wide national 
and international collaboration. 
(2) Data must be provided in a gridded format in order to make the climate data easily applicable to various 
purposes. The gridding method should be optimized.  Error analysis, climate variance assessment, and cross-
validation on the gridded data should be made. In particular, the accurate interpolation of precipitation data 
over the Canadian Rockies is both scientifically challenging and strategically important to water resources 
management.
(3) Retaining the extremes and smoothing an interpolated field are both necessary depending on the time scale, 
climate parameters, and accuracy of the observational instruments. 
(4) The interpolation methods adopted in the NADS must have the flexibility of dynamically adapting to the 
variation in the number of stations with data at any given time. 
(5) Value-added products of the climate data should be generated to assist the optimal management of the 
Canadian agricultural land and water resources. The interpolated data can be converted into various formats 
to meet the needs of numerous applications such as drought monitoring and soil quality modeling. 
(6) Data interpolation and its error analysis will help identify the critical locations for new observational stations 
and the locations of redundant stations. Design of the future optimal network of observational stations should 
be made to enhance the current observational datasets. 
(7) Taking the technological advancement into consideration, remote sensing and radar data should be considered 
for integration into the Canadian NADS. Blending in situ data with remote sensing data can not only be a 
topic for research, but also a method for developing new products. Optimal blending methods should be 
explored. 
(8) The decision functions of the Canadian NADS should be developed by using optimal statistical decision 
theory for various decision-making purposes. Scientific decisions based on optimal statistical inference 
should a standard procedure in governmental programs related to agriculture. The datasets and models of soil, 
climate, water, and crop growth in the Canadian NADS will help to build the probability models for optimal 
decision-making. 
(9) Agricultural producers and governmental planners should be invited to provide input into the Canadian 
NADS and to a Canadian digital agricultural system in general. 
Figure 2 shows the first layer of the data-query map of the proposed Canadian NADS. The other three layers are 
the time scale, data source, and agroclimatic parameter identification.  The details of the four layers are listed below.
a. The first layer is the identification of the user class: agricultural producers, governmental decision-makers, 
insurance companies, irrigators, researchers, financial industrialists, and the general public as shown in 
Figure 2. 
b. The second layer is the time class: real time, current day, past days, future days, current month, current year, 
history, and outlook, plus others. 
c. The third layer is the choice of data source: data interpolated onto the user’s specific location, nearest 
station, nearest grid point, township, soil landscaping polygon, ecodistrict polygon, province, national scale, 
station data only, and blended data between satellite, stations and/or radar. 
d. The fourth layer is the class of agricultural parameters, including climate, derived agroclimate, agroclimate 
heat units, drought indices, crop physiology and yield, soil, and farming operation. 
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Figure 2. Schematic diagram of the users of the NADS.
Data analysis is the core science for a valuable digital agriculture system. Our data analysis features error estimation, 
optimization, and variance preservation. Some basic concepts of the data analysis are outlined below.
1) Assessment of data errors from the sources: The error estimates of the data and information in a digital 
agriculture system are the cornerstones of the optimal analysis of the agroclimate data. The error analysis of an 
agroclimatic product starts from the data errors derived from the sources, including weather stations, satellites, 
and airborne and surface radar. Thus, the raw data used must be accompanied by the basic information on the 
instrument types, standard errors of the instruments, history of instruments’ changes, changes of observation 
locations, and other error sources.
2) Standards for interpolated data and data interpolation methods: Various kinds of methods have been used in 
climate data interpolation, including nearest-station assignment, inverse-distance weighting, inverse-distance-
square weighting, kriging, tri-variate thin-plate-spline smoothing, gradient plus inverse-distance-squared 
weighting, the precipitation-elevation regressions on independent slopes model, least square regression by 
empirical orthogonal function, least square regression by orthogonal polynomials, and wavelet smoothing. The 
common problem among the methods, except for the nearest-station assignment method, is that the result is too 
smooth in either space or time or both. Climate extremes obviously affect agriculture much more than climate 
means. Thus, the over-smoothed data with smaller-than-realistic variance will not reflect the real agroclimate 
situation and hence can lead to wrong conclusions. Drought, soil erosion, the frost-free period, and many 
extreme-weather-sensitive agroclimate parameters will not be correctly calculated if the interpolated climate 
data are too smooth. Standards must be established to check whether a set of interpolated data can be accepted 
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3) Spatial interpolation versus temporal interpolation:  Little doubt exists about the use of spatial interpolation to 
grid data or to place the data on polygons, but sometimes an attempt is made to complete a station’s data by 
using temporal interpolation when the station missed only a very small percentage of data. Due to the strong 
non-stationarity of daily weather, to complete the data stream of a station, a spatial interpolation rather than a 
temporal interpolation is recommended for filling in the gaps in a station’s data stream. Thus, the interpolation 
method(s) adopted in a systemmust have the flexibility of dynamically adapting to the variation in the number 
of stations with data at any given time.
4) Interpolating data onto a grid and polygons: Various kinds of agricultural needs require agroclimate data on 
polygons. In Canada, the three kinds of polygons currently popular in Canadian agricultural communities are 
ecodistrict polygons (EDP), soil landscapes of Canada polygons (SLC polygons), and townships (TWNP). 
5) Derivation of agroclimate data from the master dataset: Climate interpolation is performed for the seven basic 
climate parameters: Tmax, Tmin, Pcpn, RH, Rad, wind direction, and wind speed. Various kinds of agroclimate 
parameters, such as ET, GDD, and CHU, can be derived from the master dataset. We should develop a 
complete list of the products that are needed and that can be derived from the master dataset of the seven basic 
climate parameters. 
6) Data preparation for drought monitoring and soil quality models: Work needs to be done to prepare the climate 
data for drought monitoring and soil quality models. Specific data formats are required for each of the above 
two purposes. Specific formats of agroclimate data may be needed for other applications of sustainable 
development in the agricultural industry. Therefore, developing a list of agroclimatic data applications requiring 
specific formats is worthwhile.
7) Design of future optimal network of observations: The error analysis can identify the critical locations where 
enhanced observations are needed. The interpolation and error analysis can thus help with the optimal design of 
a future optimal network of observations of various agroclimatic parameters.
8) Blending of data from multiple sources: Besides the station data, the satellite or air-borne remote sensing data 
and the ground radar data will inevitably become more important as the remote sensing instruments become 
more accurate and have finer resolution.  Considering the original long-term goals of NADS, optimally 
blending the station data and the remote sensing data will be an important research topic in the NADS
framework. 
9) Optimal Decision Functions: The NADS optimal decision functions should be developed by using statistical 
decision theory. The optimization is based upon the balance of Type I and Type II errors in statistical inference 
for a given significance level. The governmental assistance programs will particularly need an estimation of the 
minimal probability of false alarms and the maximum probability of correct inference.
3. Agricultural risks due to climate change: two examples
Climate changes may alter the probability distribution of the weather in many parameters, including temperature, 
precipitation and wind. In particular the alterations of the tail distribution at the adverse weather side may require 
significantly shift of insurance policy and practice. The index insurance that has been developed in recent years will 
need to use different normals for a given period of time. Since the future climate prediction has limited reliability, 
one would like to use the historical data to understand the past climate behavior and apply the knowledge to various 
scenarios of the future climate. Here we consider two examples: agroclimate parameters of Alberta Province, 
Canada, and the surface air temperature over the contiguous United States.
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Alberta is a western province of Canada, bounded by 49 and 60 degrees North latitude, and 110 and 120 
degrees West longitude, respectively.  Alberta’s area is 0.662 million square km and is about 20% larger than 
France. More than a third of the area is farmland. The six agroclimate parameters considered are below: (a) 
May-August precipitation [units: mm], (b) last spring frost day (LSF) [units: day], (c) first fall frost day (FFF) 
[units: day],   (d) frost free period (FFP) [units: day],   (e) accumulated growing degree day (GDD) in the 
growing season, and (f) accumulative corn heat unit (ACHU).  Figure 3 shows the annual time series of the six 
agroclimatic parameters with significant linear trends in the entire agricultural area of Alberta (Shen et al., 
2005). The shift of the LSF to an earlier date before the 1940s and between the1970s and 1980s, together with 
the shift of the FFF to a later date in the same periods, cause the increase of the FFP in the corresponding period. 
This increase indicates lower risks for frost damage to crops in Alberta, if crops are planted at the normal time. 
Figure 3 Annual time series (thin curve with dots), 11-year running mean (thick curve), and linear regression 
line (straight line) for Alberta Province, Canada. (a) May-August precipitation [units: mm], (b) LSF [units: day],  
(c) FFF [units: day], (d) FFP [units: day],   (e) accumulated GDD in the growing season,  and (f) ACHU.
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Table 1. Hottest and coldest 10 years between 1895 and 2008: The first two columns are based on the daily-
maximum SAT, and the numbers in the round brackets are the corresponding anomalies. The third and fourth 














1934 (3.8) 1939 (-3.9) 1991-92 (3.0) 1940-41 (-3.5) 1998 (2.17) 1917 (-1.73)
1955 (3.8) 1919 (-3.3) 1988-89 (2.9) 1952-53 (-2.4) 2006 (2.07) 1912 (-1.45)
1910 (3.1) 1970 (-3.1)
\
2003-04 (2.9) 1932-33 (-2.3) 1934 (1.95) 1895 (-1.43)
2000 (2.4) 1937 (-2.6) 1898-99 (2.9) 1907-08 (-2.3) 1921 (1.75) 1924 (-1.20)
1985 (1.9) 1991 (-2.6) 1955-56 (2.6) 1985-86 (-1.8) 1999 (1.71) 1903 (-1.13)
1979 (1.7) 1961 (-2.4) 2005-06 (2.1) 1916-17 (-1.8) 1931 (1.61) 1916 (-0.92)
1945 (1.7) 1916 (-2.4) 1937-38 (2.0) 1925-26 (-1.6) 1953 (1.47) 1979 (-0.90)
1957 (1.6) 2003 (-2.4) 1931-32 (2.0) 1934-35 (-1.1) 1990 (1.47) 1920 (-0.86)
2005 (1.6) 1949 (-2.3) 2000-01 (1.6) 1949-50 (-1.1) 2001 (1.45) 1929 (-0.85)
1905 (1.6) 1954 (-2.0) 1973-74 (1.3) 1963-64 (-1.1) 2007 (1.41) 1978 (-0.84)
The rank of the hottest and coldest years of the contiguous US in the USHCN history is displayed in Table 1. The 
first two columns of Table 2 display the ten hottest and coolest summers (June-July-August mean), respectively, 
between 1895 and 2008 according to the daily-maximum SAT. The third and fourth columns display the ten 
warmest and coldest winters (December-January-February mean), respectively, between 1895 and 2008 according to 
the daily-minimum SAT. The fifth and sixth columns display the ten warmest and coldest years respectively 
according to the annual daily-mean SAT. The years are sorted in descending order. The values in the round brackets 
are the anomalies with respect to the 1961-1990 normal. In the 114 years from 1895 to 2008, six of the warmest 
winters according to the DJF daily-minimum SAT occurred since 1988.  Nine of the ten coldest winters, also 
according to the DJF daily-minimum SAT, occurred before 1964. The US warming trend is mainly attributed to this 
winter warming.  Other noticeable warm events occurred during the “Dust Bowl” drought period. The hottest 
summer on record occurred in 1934, when the JJA daily-maximum SAT anomaly was 3.8 . The daily-minimum 
SAT of the 1937-38 and 1931-32 winters had a 2.0 anomaly. These were the 7th and 8th warmest winters during 
1895-2008. According to the annual mean daily-mean SAT, six of the ten hottest years occurred after 1990, and two 
occurred during the “dust bowl” drought period in the 1930s. Also according to the annual mean daily-mean SAT, 
eight of the ten coldest years occurred before 1929. 
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Figure 4. US average monthly mean SAT time series with error bars, histograms, and spectral power: January-June.
Figure 4 shows the first six time series of the monthly US mean temperature from 1895 to 2008. The shaded region 
is the 99.7% confidence interval of the time series (i.e., the 3-sigma region). The figure demonstrates larger 
temperature trend, variance, and error in the winter than the summer. The histograms show that February has the 
largest variance. February SAT has a clear warming trend from 1900 to the 1930s (the “Dust Bowl” drought period). 
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Both January and February SAT show warming trends from the 1980s and 1990s. The warming trend is also shown 
in December’s SAT in the 1990s. The histograms indicate that the summer SAT anomalies have much smaller 
variances than winter. They seem also indicating that the summer months SATs are more symmetrically distributed
than the winter ones, perhaps due to the small summer climate variations. Although it is not conclusive whether the 
US mean SAT anomalies are skewed toward the left, the histograms in Fig. 3 seem to suggest that, with longer tails 
toward the left. 
For the crop insurance applications, one needs to study the changes of the histograms in a shorter time period of 10 
or 20 years. For specific crops, the climate changes over a state or several states should also be considered. Of 
course, various climate parameters, such as precipitation and wind, should be examined. Due to large uncertainties 
in the both climate data and climate models, advanced statistical techniques are necessary to carefully assess the 
uncertainties and to make optimal decisions based on the available information. 
4. Conclusions and discussion
The originally proposed National Agroclimate Data System (NADS) and the currently operated NLWIS can 
contribute to not only increasing the global competitiveness of the Canadian agricultural industry, but also to the 
scientific research on the agroclimate and its changes relevant to global warming. The NADS will help the 
stakeholders to develop adaptation strategies to the global changes in both natural and economical environments. 
Incorporating with the Canadian global trade and political strategies, the NADS will effectively add values to the 
Canadian natural resources and help expose the Canada advantages.
The examples of the climate change over Alberta and the contiguous US indicated the importance of studying the 
uncertainties due to the errors in the observed data and the climate model outputs. It also revealed the problems of 
the many regions around the world of the lack of historical data. It is thus important for the stakeholders of the 
modern agriculture business and relevant governmental agencies to develop a digital agriculture system that includes 
not only the tasks of collecting and processing the existing data, but also plans to develop new networks of 
sampling/observation for various agricultural parameters, ranging from seed information and biodiversity to 
irrigation data and soil quality. The two examples in particularly imply that the developing countries need urgent 
improvement in the sampling, collection, and processing to safeguard their sustainable development of the 
agricultural industry and business.  Heilongjiang Province of China has already started a digital agricultural plan, 
and has put the digital agriculture project on its priority list when collaborating with its sister province Alberta. 
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